■ INTRODUCTION
Metal-containing oxidoreductases play an important role in biological processes by catalyzing selective oxygenations, in particular, those that involve 3 O 2 activation or oxygen atom transfer (OAT) from water to an organic substrate. To be able to utilize these "green oxygen sources" effectively and under mild conditions, metalloenzymes rely on efficient electron transfer chains that involve spatially separated electron transfer units, such as Fe/S clusters and/or cytochromes to regenerate their active sites (Figure 1 , left). 1 In the search for functional bioinspired catalysts the importance of an overall design that includes electron transfer components and, in particular, proton-coupled electron transfer is increasingly recognized, 3, 4 and a number of secondgeneration model complexes that contain enzyme active-site mimics that are covalently linked to redox-active units have been reported. Electrochemical approaches, for example, have utilized rapid one-electron transfer components, such as ferrocene. 5−7 These second-generation models represent a significant advancement over conventional molybdoenzyme models that catalyze the thermodynamically favorable OAT reaction from sulfoxides to tertiary phosphines, but they do not have additional redox centers built into their design. In these models, the oxidative and reductive half-reaction take place at the Mo center (Figure 1, right) . The catalytic activity of these first-generation models is often limited by slow kinetics due to charge buildup at the Mo center and the formation of inactive Mo(V) dimers as a result of the comproportionation of Mo(IV) and Mo(VI). 8 In our search for an advanced design, we were inspired by catalytic systems that exploit photoredox processes, since they offer the opportunity of harnessing solar energy. Because of their high quantum yields, long excitation wavelengths, photostability, and long lifetimes, polypyridine complexes of metal cations with d 6 low-spin configuration, such as Ru(II), Re(I), and Ir(III) are frequently used as photoactive units in heterometallic systems to convert light energy to chemical energy. Inspired by photosystem II, manganese model complexes have been linked to [Ru(bpy) 3 ] 2+ -type photosensitizers to target the four-electron oxidation of H 2 Ob y taking advantage of photoinduced electron transfer (PeT). studied with the aim of catalyzing the light-driven production of H 2 . 10, 11 Recently, there has been increasing interest in photoredox catalysis 12−14 and its scope in the photocatalyic oxygenation of organic substrates using clean O atom sources, such as 3 O 2 or H 2 O, which is highly desirable on both environmental and economic grounds. For example, Hamelin and Torelli et al. used a Ru(II)−Cu(II) dyad to oxidize sulfides, phosphines, and alkenes photocatalytically with 3 O 2 as the oxygen atom source and triethanolamine as sacrificial electron donor. 15 Aukauloo, Banse, and Leibl et al., reported a Ru(II)−Fe(II) dyad that allows the photogeneration of a highly reactive oxo-Fe(IV) center from an Fe(II)-coordinated H 2 O molecule using [Co(NH 3 ) 5 Cl] 2+ as sacrificial electron acceptor, followed by transfer of the oxygen atom to PPh 3 . 16 To drive the photoactivated OAT, the two-electron oxidation of the substrate had to be coupled with two rapid proton-coupled electron transfer steps.
Since Mo is chosen by nature as OAT catalyst par excellence based on its ability to redox cycle between oxidation states VI, V, and IV, 17 we are interested in utilizing bioinspired Mo complexes as catalysts in dyads designed to facilitate substrate oxidation via a photoredox process. Enemark and Kirk et al. already demonstrated in an early study that a Mo center can be photoactivated via an antenna-mediated electron transfer process by covalently linking an oxo-Mo(V) unit to porphyrin-Fe(III) or Zn(II) complexes (Scheme 1a). 18, 19 Although catalytic investigations were not reported for these dyads, the study highlighted photoactivation as a potential way of initiating intercomponent electron transfer. More recently, Heinze et al. appended two redox-active ferrocene units to a cisdioxo-Mo(VI) complex to mimic the electron-transfer chain in the molybdenum enzyme sulfite oxidase (Scheme 1b). 7 It was observed that chemical oxidation to the diferrocenium dication greatly accelerated OAT to PMe 3 ,c o n s i s t e n tw i t ha n accelerated attack of the phosphine at the oxo ligand, coupled with intramolecular electron transfer.
Drawing on these precedents, we anticipated that the addition of a photoactivatable electron acceptor to a cisdioxo-Mo(VI) center could promote the attack of a phosphine at the oxo ligand in a similar way, thereby increasing catalytic activity. Of the many synthetic ligand systems that were developed in bioinspired approaches to model the function of the molybdenum enzymes 20−24 we chose thiosemicarbazones, whose synthesis is straightforward and allows a variety of substituents to be incorporated. 25−27 We recently reported the electronic fine-tuning of series of six cis-dioxo-Mo(VI) complexes with thiosemicarbazone ligands for OAT and found that electron-withdrawing substituents increase the rate of the OAT to triphenylphosphine, while electron-donating groups have the opposite effect. 28 This observation is consistent with the generally accepted OAT mechanism, which starts with the nucleophilic attack of the phosphine lone pair on a vacant π* orbital of one of the oxo-ligands, leading to the formation of an oxo-Mo(IV) species and phosphine oxide via a phosphine oxide-coordinated intermediate in the rate-determining step. 29, 30 Accordingly, a decrease of the electron density on the cis-dioxo-Mo(VI) center renders the oxo ligand more susceptible to attack and lowers the energy of the transition state by ameliorating negative charge buildup, giving rise to faster reaction rates.
Here, we report the synthesis and the characterization of the Ru(II)−Mo(VI) dyad [Ru(bpy) 2 (L 2 )MoO 2 (solv)](BF 4 ) 2 ,i n which one coordination site on the Mo(VI) center is occupied by a solvent molecule (Scheme 1c). The photoactive bis(bipyridyl)-phenanthroline ruthenium moiety is linked to the Mo-based OAT catalyst by a methylamine group to define the spatial separation while allowing flexibility to facilitate intramolecular electron transfer from the Mo-coordinated thiosemicarbazone ligand to the photo-oxidized Ru III -bpy/ phen
•− -unit. The photophysical, spectroscopic, and electrochemical properties of the dyad and the results of photocatalytic tests are reported.
■ EXPERIMENTAL SECTION
Materials and Instruments. Ammonium tetrafluoroborate, paraformaldehyde, 1,10-phenanthroline-5-amine, 4-phenylthiosemicarbazide, and sodium molybdate dihydrate were purchased from Aldrich. Acetylacetic acid was purchased from BDH chemicals, ammonium hexafluorophosphate from Alfa Aesar, salicylaldehyde from Fluka, triethylamine from Fisher Chemicals, and cis-bis(2,2′-bipyridine)-dichlororuthenium hydrate from Acros organics. [MoO 2 (acac) 2 ] 31 and 5-chloromethyl-2-hydroxylbenzaldehyde 32 were synthesized according to reported procedures. Solvents for syntheses were dried and stored 33 cis-Bis(2,2′-bipyridine)-dichlororuthenium hydrate (1.06 g, 2.04 mmol) and 1,10-phenanthroline-5-amine (0.465 g, 2.38 mmol) were dissolved in a mixture of ethanol (160 mL) and water (80 mL). The resulting solution was degassed and refluxed under Ar for 20 h. The ethanol was removed under reduced pressure, and a solution of ammonium tetrafluoroborate (2.14 g, 20.4 mmol) in water was added to precipitate the product as tetrafluoroborate salt. The precipitate was isolated by filtration and washed with water. The crude product was purified by column chromatography on alumina (toluene/acetonitrile 1:1). The product was solubilized in a minimum volume of acetonitrile and reprecipitated with diethyl ether. The bright orange precipitate was isolated and dried under vacuum (1.164 g, 73%).
Decomposition point 215°C. 13 Determination of Quantum Yields. The emission quantum yields were determined at room temperature (RT) by using [Ru(bpy) 3 ]Cl 2 as reference and equation
, where Φ X is the quantum yield of compound X, Φ ref is the quantum yield of the reference compound ([Ru(bpy) 3 ]CL 2 , Φ = 0.094 ± 0.004), 34 and η is the refraction index of the solvent. However, the term depending on the solvent was omitted, because acetonitrile was used as the solvent for all samples. The slope for each compound was obtained from the plot of integrated fluorescence intensity versus absorbance at five different concentrations ( Figure 2b ).
Time-Correlated Single-Photon Counting. The excited-state lifetimes were measured by time-correlated single-photon counting (TCSPC) in acetonitrile. Samples were deaerated and put under an argon atmosphere by freeze−pump−thaw technique in a cuvette with a degassing bulb. The light source was a pulsed laser at 470 nm (PEL-470) with a repetition rate set at 50 kHz for measurements up to 5 μs and 200 kHz for the shorter time range of 200 ns. The emission was detected with a photomultiplier tube with maximum sensitivity in the visible part of the spectrum. The excited-state decay was monitored at different emission wavelengths (580, 600, 620, 640, 660, and 680 nm). The slit width for detection was set to 10 nm, while the laser beam profile was ±10 nm.
Electrochemistry. All electrochemical measurements were performed under nitrogen at RT. Cyclic voltammetry was performed with an EC epsilon potentiostat from BASi with a standard three-electrode electrochemical cell. Potentials were referenced to Ag/AgCl in NaCl aq (3 M) . The working electrode was a carbon disk. The auxiliary electrode was a platinum wire. Tetrabutylammonium tetrafluoroborate (0.1 M) in dimethylformamide (DMF) was used as electrolyte.
Spectro-Electrochemistry. UV−vis spectro-electrochemical experiments were performed in the dark in a N 2 -purged quartz cuvette of 1 mm path length equipped with a strip of carbon veil (Optiveil 12 g.m 2 area weight) as working electrode, a Pt wire, and a Ag/AgCl reference electrode. Tetrabutylammonium tetrafluoroborate 0.1 M in DMF was used as electrolyte. The potential was controlled by an EmStat potentiostat.
Photocatalytic Tests. Five samples (A−E) were tested in parallel. Solution A contained Ph 3 P (300 mM), [Ru(bpy) 2 Samples A, C, D, and E were irradiated with a Philips 125 W medium-pressure mercury vapor lamp equipped with a water infrared filter and a cutofffilter (λ > 435 nm) for 17 h at a time followed by 7 h of storage in the dark, until almost complete conversion was reached by sample A (9 d). At the beginning and end of each irradiation period, the formation of OPPh 3 was monitored by 1 H and 31 P NMR spectroscopy ( 1 H NMR 500 MHz, 31 P 202.5 MHz) and by a photograph taken with and without flash to document changes in color and apparent emission intensity.
Inorganic Chemistry
To account for the different lengths of time taken for the preparation of samples A−E, which required exposure to air and light, the turnover numbers were set to zero at the start of the first irradiation period. This allowed the direct comparison of the samples.
In an additional control sample that contained Ph 3 P (300 mM) in CD 3 CN/DMSO-d 6 (1:1 v/v, 0.7 mL) under Ar and was left standing at RT for 9 d, only a trace amount of OPPh 3 could be detected by 31 P NMR.
Electron Paramagnetic Resonance Spectroscopy. The electron paramagnetic resonance (EPR) spectra were recorded at X band on a Jeol JES-REIX spectrometer. Samples were irradiated in situ with a 100 W mercury vapor arc equipped with a water infrared filter and a cutofffilter (λ > 420 nm). The general EPR parameters were: power 1 mW, field 336.2 mT, scan width ±7.5 mT, modulation width 0.1 mT, time constant 0.1 s, scan time 60 s, modulation frequency 100 kHz, and average of three scans at RT. Sample compositions and concentrations were as follows. Sample 1: [Ru(bpy) 2 2 was prepared by adapting a procedure reported for the synthesis of the corresponding PF 6 − salt 33 and was used as a platform for the sequential synthesis of the catalytic unit (Scheme 2). 5-Chloromethyl-2-hydroxybenzaldehyde was prepared 32 and attached to the ruthenium complex via nucleophilic substitution. The resulting intermediate was condensed with commercially available 4-phenylthiosemicarbazide by adapting a published procedure. 35 The phenyl group was chosen to increase the hydrophobic character of the compound and to facilitate its isolation by precipitation. The photosensitizer-appended ligand [Ru-(bpy) 2 28 and solv = MeOH or MeCN, (Scheme 2), and the sum of their spectra. It is evident that the absorbance above 375 nm is dominated by transitions associated with the Ru-based component of the dyad. Excitation into the low-energy MLCT band at 470 nm gives rise to a broad emission band with a maximum at 620 nm ( Figure 2a) . As expected, the attachment of the Mo-based catalytic unit leads to a slight change in the position and intensity of the absorption and emission bands compared with those reported for the parent photosensitizer [Ru-(bpy) 2 was investigated in the presence of Ph 3 P (100-fold excess) to assess whether or not Ph 3 P quenches the emission of the dyad. The samples were dissolved in MeCN and excited at 470 nm, and time-resolved emission data were collected at the maximum of the emission band at 620 nm ( Figure 3 and Table 1 ). The emission decay curve obtained for [Ru(bpy) 2 (phen-NH 2 )] 2+ could be fitted using a single exponential. The lifetime τ of 1100 ± 1 ns obtained is slightly longer than that reported for the parent photosensitizer [Ru(bpy) 2 (phen)] 2+ , which was obtained under similar conditions and also fitted to a single exponential (τ = 830 ns, λ exc = 450 nm, λ em = 600 nm, MeCN, RT). 37, 37 The emission decay of [Ru(bpy) 2 , while the shorter-lived, minor component has a lifetime of 303 ± 1ns (40%). Hence, the two excited states may tentatively be assigned to bpy-and H 2 -L 2 -localized 3 MLCT states, respectively, taking into account that the distribution deviates slightly from the statistical distribution of 66% and 33%. Dual emission is frequently observed in heteroleptic Ru(II) complexes of this type. 37, 38 The emission decay of the dyad [Ru(bpy) 2 , and the close to statistical contribution of 67% suggests that it is due to decay from a bpy-localized excited state. The second lifetime of 320 ± 1 ns resembles that of the shorterlived component obtained for [Ru(bpy) 2 (H 2 -L
2 )] 2+ , and again, the close to statistical contribution of 31% indicates decay from a H 2 -L 2 -centered excited state. An additional minor (2%) shortlived component with τ = 11.9 ± 0.1 ns had to be added to fit the data satisfactorily.
The spectroscopic investigations show that the covalently linked catalytic unit of the dyad decreases the quantum yield of the photoactive unit. On the one hand, in similar systems, quenching via intramolecular photoinduced electron transfer from an appended electron-rich phenolate ligand to a photoexcited metal-based luminophore, such as Ru III -bpy
•− , has been observed using time-resolved absorption spectroscopy. 39 On the other hand, the addition of a 100-fold excess of PPh 3 does not have a significant effect on the three lifetimes obtained for [Ru(bpy) 2 (L 2 )MoO 2 (solv)] 2+ ( Figure 3 and Table  1 ), confirming the absence of an intermolecular quenching effect of the substrate.
Electrochemistry Table 2 ). In the positive region, an irreversible oxidation wave is observed that involves the transfer of approximately two electrons, based on the comparison with the peak currents associated with the reversible processes in the negative potential region. One of the overlapping oxidation steps can be assigned to the oxidation of Ru(II) to Ru(III) by comparison with electrochemical data obtained for [Ru(bpy) 3 ]-Cl 2 under analogous conditions (Table 2 and Figure S1 ), previously reported oxidation potentials for similar Ru(II) complexes, 33 and spectro-electrochemical investigations (see below). The overlapping second irreversible oxidation process is associated with the molybdenum-coordinated thiosemicarbazone. 40, 41 provide further evidence for this assertion. It is known that a one-electron oxidation of thiosemicarbazones can lead to dimerization via disulfide-bond formation, while a two-electron oxidation can lead to cyclization and formation of 1,2,4-triazole-3-thione or 1,3,4-thiadiazole rings. 42 The latter is in accordance with the irreversibility and high peak current of the oxidation process observed at a peak potential (E p,ox ) of Table 2 ). In addition, there are weak irreversible waves at E p,ox = 0.58 and 1.07 V and E p,red = −0.27, −0.72, and −1.12 V that can be assigned to the Mo-containing unit and/or its degradation products as similar waves are observed in the CV of [MoO 2 (L Me )(solv)] ( Figure S2 ). While the shoulder at −1.12 V lies within the potential range typically associated with the reduction of Mo(VI) to Mo(V), 40 ,41 the irreversible reduction waves at −0.27 and −0.72 V are only present if the positive potential range is scanned first (Figure 4) . Hence, these two reduction processes appear to be associated with chemical reaction products formed upon oxidation.
By comparison with the CV of [Ru(bpy) 3 ]Cl 2 ( Table 2 and Figure S1 ) and literature data, 33 the three reversible waves at E 1/2 = −1.22, −1.41, and −1.75 V can be assigned to three successive one-electron reductions of the Ru-polypyridine unit. 34 λ exc = 470 nm, λ em = 620 nm, error margins represent one standard deviation and are propagated from the standard error in the fitted gradients (plot shown in Figure 2b) . b λ exc = 470 nm, λ em = 620 nm. Error margins represent one standard deviation. 2 was oxidized electrochemically at 1.5 V using a carbon veil electrode, and the difference absorption spectra were recorded ( Figure 5 ). Two negative bands (bleaches) developed over time at 360 and 470 nm, while the absorbance below 340 nm increased, and a weak and broad band developed above 500 nm. Bleaching in the visible region of the broad MLCT band of the dyad is consistent with the oxidation of Ru(II) to Ru(III). However, the relative intensity of the two apparent bleaches at 360 and 470 nm differs from that observed by Lomoth et al. for [Ru(bpy) 3 ] 2+ in acetonitrile 43 and indicates the presence of another chromophore. Likewise, the fact that the isosbestic point at 332 nm gradually disappears after ∼15 min of electrolysis is consistent with the formation of another oxidized species.
For comparison, the reference compound [MoO 2 (L Me ) (MeOH)], which can be considered as representative of the catalytic moiety of the dyad, was oxidized under conditions analogous to those used for the oxidation of the dyad ( Figure  6 ). In [MoO 2 (L Me ) (MeOH)], the molybdenum is already in its group oxidation state +VI and cannot oxidize further, yet significant spectroscopic changes are observed in the visible region of the spectra. Overall, the absorbance at 295 and 350 nm increases, while the absorbance at 320 nm and between 370 and 500 nm decreases.
Interestingly, after 10 min of electrolysis, four isosbestic points emerge at 282, 310, 332, and 370 nm and point toward Figure S2 ). It is conceivable that the initial ligand oxidation causes a change in the coordination environment, which may be followed by an oxidative dimerization or, more likely, an intramolecular cyclization of the ligand, as reported for structurally related thiosemicarbazones. 42 While the bleach observed at 323 nm is consistent with the gradual disappearance of the isosbestic point at 323 nm and the bleach in the dyad spectra, the absorbance increase at ∼359 nm is not reflected in the spectra of dyad. Hence, not all of the spectro-electrochemical features of the dyad can be attributed to contributions from its two components.
Spectro-Electrochemical Reduction. The spectroscopic profiles obtained upon electrochemical reduction (−1.2 V) are shown in Figure 7 . Two positive bands rise at 390 and 510 nm as well as two negative bands at 350 and 450 nm.
Similarly, [Ru(bpy) 3 ]Cl 2 and [MoO 2 (L Me )(MeOH)] were reduced at the same potential ( Figures S5 and S6) . A comparison of the spectra obtained for the complexes shows that the dyad behaves similarly to [Ru(bpy) 3 ]Cl 2 above 400 nm, while the spectral changes observed below 400 nm are consistent with the reduction of both the ruthenium and the molybdenum moieties.
A reduction of the dyad was then performed at −1V( Figure  8a ) to investigate if it is possible to selectively reduce only the Mo-based catalytic center. The profile obtained is very different 
Article from that recorded for the dyad upon reduction at the more negative potential of −1.2 V (Figure 7) . A positive band at 490 nm and three overlapping negative bands in the region between 300 and 450 nm grow in over time. The positive band resembles the corresponding band in the spectrum of the molybdenum complex (Figure 8b ). Despite the absence of the small positive band at 360 nm, the absorbance between 300 and 450 nm decreases, whereas it increases when [Ru(bpy) 3 ]Cl 2 is reduced.
The spectrum obtained upon electrochemical reduction of [Ru(bpy) 2 (L 2 )MoO 2 (solv)](BF 4 ) 2 at −1 V was then compared with the spectrum obtained after the stoichiometric chemical reduction of the dyad, which was performed at a 25 μM concentration in MeCN in the absence of an O atom donor. To ensure complete reduction of the Mo-based unit (turnover number = 0.5) a 100-fold excess of the O atom acceptor PPh 3 was used. The initial spectrum of [Ru(bpy) 2 (L 2 )MoO 2 (solv)]-(BF 4 ) 2 was subtracted from the spectrum recorded after chemical reduction, to obtain a difference spectrum ( Figure  8b ). The profiles of the spectra obtained after electrochemical and chemical reduction are very similar. Therefore, the spectroelectrochemical measurements confirm that the molybdenumbased moiety can be selectively reduced at −1 V, while the reduction of the ruthenium-based moiety requires a more negative potential.
Photoactivated Oxygen Atom Transfer Catalysis. The catalytic activity of the dyad was investigated using triphenyl phosphine as the oxygen acceptor and DMSO as the oxygen donor. Under an atmosphere of argon, a solution containing
(1 mM), triphenyl phosphine (300 equiv), and methyl viologen (MV 2+ , 1 equiv) in a mixture of deuterated acetonitrile/DMSO (1:1 v/v; sample A) was subjected to alternating cycles of irradiation with >435 nm light (17 h) followed by dark storage (7 h). At the beginning and end of each irradiation period, the formation of triphenyl phosphine oxide was monitored by 1 Ha n d 31 PN M R spectroscopy. As evident from Figure 9 , the reaction proceeded significantly faster during the periods of light exposure than in the dark. After a total irradiation time of 154 h, 95% completion was reached, and the presence of dimethyl sulfide in the sample was clearly detectable by its characteristic smell. The catalyst proved to be remarkably stable under these conditions, with the turnover number only limited by the solubility of triphenyl phosphine in DMSO/acetonitrile (1:1 v/v). The 1 H NMR spectra of sample A were examined before and after each irradiation period to monitor the integrity of the catalyst. Even after a total irradiation time of 154 h, the proton resonances of the dyad remained essentially unchanged ( Figure S8) .
A control experiment in which an analogous solution was kept in the dark all the time (sample B, Figure 9 ) produced much less of the oxidation product, indicating that the thermal conversion rate is much slower than the photochemical conversion. Again, the 1 H NMR spectra recorded during the thermal reaction showed no evidence for either catalyst decomposition or the formation of
(1 mM) and 300 equiv of triphenylphosphine but no methyl viologen (sample D) yielded a similar amount of product to the dark control after irradiation for a total of 154 h (Figure 9 ), demonstrating that methyl viologen accelerates the reaction in the presence of light. A control sample containing [Ru(bpy) 2 (H 2 -L
2 )] 2+ but no molybdenum (sample C) was found to produce less 
Article triphenylphosphine oxide after irradiation for the same period of time than the dark control. The last experiment confirms that the molybdenum(VI) dioxo unit increases the reaction rate by catalyzing the OAT between dimethyl sulfoxide and triphenylphosphine.
When 
(solv)] were tested in a solution that contained the two individual components separately in a 1:1 ratio (sample E), a significant amount of triphenyl phosphine oxide was produced but ∼35% less than with the dyad. The comparison of the catalytic activity of the dyad with the two-component system indicates that the intramolecular electron transfer between the photosensitizer and the catalytic center is more efficient than intermolecular electron transfer between two individual components.
Mechanistic information can be gathered from a comparison of the color and luminescence of the samples before and after each irradiation cycle. Therefore, after each irradiation and dark period, photographs of samples A, C, D, and E were taken both with and without flash to document any changes in emission intensity and color, respectively, in comparison with sample B, which was kept in the dark (Figure 10 ).
Initially, all five solutions were bright orange ( Figure S7 ). Upon irradiation, the sample containing [Ru(bpy) 2 
(sample C) changed color from orange to dark green, and the emission was lost due to the oxidative quenching of the Ru(II)* excited state by MV 2+ leading to the formation of MV •+ , which strongly absorbs at the emission wavelength. (Figure 10a) . 43 In the absence of the cis-dioxo molybdenum center, the dark green color remained, even after storage of the sample for 7 h in the dark. In this sample, a subsequent OAT could not take place, since the catalytic Mo center was missing.
Upon •+ radical is much longer-lived (see below). In accordance with the irreversible oxidation wave seen in the CV of the dyad and its emission lifetimes, we propose that fast reduction of the Ru III center occurs via electron transfer from the thiosemicarbazone ligand of the Mo complex rather than back electron transfer from MV
•+ . To confirm this proposal, the absorption spectra of sample A were recorded before irradiation, immediately after selected irradiation intervals, and after storage in the dark. The characteristic absorption bands due to MV
•+ at λ max 397 and 609 nm emerge during irradiation ( Figure 11) . 43 Bleaching of the 3 MLCT band (λ max = 455 nm), which would be expected upon oxidation of Ru II to Ru III , is not observed. Consequently, the rereduction of the photooxidized Ru III to Ru II has occurred on the time scale that it took to record the absorption spectrum (∼2 min). However, the MV
•+ radical is still present and hence is not the source of the reducing equivalent.
During the storage periods in the dark, the color of both NMR samples (A and E) returned to orange, and the emission was restored, indicating that the resting state of the Ru(II)-based photosensitizer is regenerated and the MV
•+ radical cation is reoxidized to MV 2+ (Figure 10b ). Light is not required for this reaction to proceed. The electronic absorption spectra confirm a decrease in the MV ·+ concentration in the dark, with the spectrum resembling that obtained after 1 h of irradiation ( Figure 11 ).
Electron Paramagnetic Resonance Spectroscopy. In addition, EPR spectroscopy was used to monitor radical formation. During in situ irradiation of a solution containing [Ru(bpy) 2 Figure 12, Sample 1) . 44 Even 1 h after stopping the irradiation, Figure 9 . Performance of selected catalysts and control systems in the oxidation of PPh 3 during alternating cycles of irradiation with >435 nm light (17 h, indicated by yellow bars) followed by storage in the dark (7 h •+ was observed ( Figure 12 , Sample 2). In line with the lower quantum yield of the dyad, the signal was weaker than that observed with [Ru(bpy) 2 
.A nL 2 -based radical or paramagnetic Mo species could not be detected. Again, the strong signal of the exceptionally stable MV
•+ radical is likely to mask any signals of shorter-lived radical species.
Subsequently, DMSO was added to the dyad-containing sample, and the EPR spectrum was recorded, while the sample was irradiated. In this case, a weaker signal due to MV
•+ was observed ( Figure 12, Sample 3) . The decrease is consistent with the expected decrease of the MV
•+ concentration under turnover conditions. In the dark, the signal decayed, with ∼33% of the original intensity remaining after 1 h. Again, ligand-or Mo-based signals could not be detected, since the spectrum was dominated by the MV
•+ signal. Proposed Catalytic Cycle. On the basis of our observations and the information obtained from photophysical, spectroscopic, and electrochemical investigations, the following catalytic mechanism is proposed (Scheme 3). In the first step of the photoredox cycle, the photoexcited dyad [ In the presence of molybdenum (sample A), the subsequent OAT to PPh 3 gives OPPh 3 , which was detected by NMR spectroscopy, and a species with an electronic absorption spectrum that closely resembles that obtained for the species generated by electrochemical reduction, tentatively assigned as [ 2 . While in-depth investigations are required to determine the exact mechanistic and kinetics details, in particular, of the reductive half-reaction, our tests show that the photoactivated OAT cycle runs significantly faster than the thermal OAT cycle, which proceeds in the absence of light. Table S1 . 2+ was synthesized, fully characterized, and shown to accelerate the rate-determining step in the cis-dioxo molybdenum-catalyzed OAT cycle, the transfer of an oxo ligand to PPh 3 , via a photoredox process. The energy provided by visible light is sufficient to generate a highly reactive, oxidized form of the molybdenum-centered catalyst, in which the noninnocent phenol−thiosemicarbazone ligand plays key role. The single electron transfer (SET) step in the photoredox process is essential in making the reactive one-electron oxidized form of the thiosemicarbazone complex accessible. In contrast, electrochemical methods trigger an irreversible two-electron oxidation process. Methylviologen acts as a mediator in the photoredox cycle, but it is regenerated and hence only required in catalytic rather than sacrificial amounts. By combining the rutheniumpolypyridyl-based photoredox cycle with the molybdenumcatalyzed OAT cycle, the rate acceleration of the OAT can be switched on and off via the light source.
The dyad can be regarded as an advanced bioinspired model for Mo-containing oxotransferases, since it demonstrates the importance of both spatially separated one-electron transfer units and the participation of a noninnocent S-containing ligand in OAT catalysis.
Interestingly, significant rate enhancement was also observed when two separate sensitizer and catalyst components were tested. Even though the effect seen with the bimolecular system was less pronounced than that observed with the covalently linked dyad, the reduced synthetic effort allows for the testing of different catalyst-sensitizer combinations and a higherthroughput approach could facilitate the discovery and optimization of new photoredox-catalytic systems in the future. 
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